4. Cells classified as hypercomplex by the end-inhibition criterion were further characterized as type I or type II, according to the suggestion of Dreher (1972) . Type I units are indistinguishable from simple cells in their velocity tuning, and type II units equally clearly resemble complex cells. These results are therefore consistent with Dreher's subdivision.
5. The selectivity of cells for velocity is variable but can be quite marked. The average selectivities of simple and complex cells are not significantly different. There is an inverse correlation between preferred velocity and the sharpness of velocity selectivity for simple cells; no trend is apparent for other cell types.
6. No clear correlation is observed between the velocity preferences of units and their degree of direction selectivity, or receptive field arrangement. Simple cells with 'sustained' temporal responses to flashed stimuli tend to prefer slower rates of movement than 'transient' ones, and to be less selective for velocity.
INTRODUCTION
Single neurones in the primary visual cortex of the cat can be divided into three classes, simple, complex and hypercomplex, on the basis of their responses to visual stimuli. The groups, and the criteria by which they may be discriminated, were first described by Hubel & Wiesel (1962 . Two response properties distinguish these three cortical cell-types from afferent fibres from the lateral geniculate nucleus: most can be activated by stimuli presented to either eye, and are sensitive to the orientation of a linear stimulus flashed on the receptive field or moved across it. In addition, many are sensitive to the direction of movement (Hubel & Wiesel, 1962) .
Simple cells have receptive fields that can be subdivided into parallel 'on' and 'off' regions on the basis of their responses to flashed bars or spots of light. It is possible to demonstrate spatial summation of 'on' or 'off' responseswithinthese subregions of the field, and antagonism betweenthem. Furthermore the spatial configuration of the excitatory and inhibitory regions revealed in this way is an accurate indication ofthe optimal stimulus pattern, though it does not usually predict asymmetries in response to different directions of movement of an optimally oriented stimulus (Bishop, Goodwin & Henry, 1974) . Complex cells normally have receptive fields that cannot be divided into subregions in this manner; if they respond at all to flashed stimuli an 'on-off' discharge is usually obtained anywhere in the field. Furthermore, the width of the optimal stimulus is not simply related to the size of the region from which responses to flashed stimuli may be evoked. Cells of the third type, which are less commonly encountered in area 17, resemble the lower-order hypercomplex cells described in prestriate cortex by Hubel & Wiesel (1965) in that they are selectively responsive to stimuli limited in length at one or both ends. Apart from this single feature they resemble simple or complex cells, and Dreher (1972) has suggested that they should be classified as type I (simple-type) or type II (complex-type). Hubel & Wiesel (1962) found that cells of all types but of similar preferred orientation tended to be clustered together in 'columns' extending radially in the cortex from surface to white matter, and that, in any particular region of the visual field, simple cells tend to have smaller receptive fields than complex cells. They also found that the various cell types were not uniformly distributed in the depth of the cortex: simple 446 VELOCITY TUNING IN CAT CORTEX cells occur most commonly in or near layer IV, the site of termination of almost all geniculocortical fibres (Garey & Powell, 1971) , while complex and hypercomplex eclls are more often found in the deeper or more superficial layers (see also Kelly & Van Essen, 1974) . Hubel & Wiesel therefore proposed that the cell-types represented different levels in a hierarchical, or serial analysis of visual information. In this scheme simple cells receive the bulk of their synaptic input directly from the optic radiation, while complex cells gain most of theirs from the simple cells within the same column, which bestow on them the same orientation preference.
An alternative theory derives from the discovery by Enroth-Cugell & Robson (1966) that there are two classes of ganglion cells in the cat retina, which can be distinguished according to the linearity of spatial summation within their receptive fields: X-cells are linear while Y-cells are non-linear in their summation behaviour. It has been shown (Cleland, Dubin & Levick, 1971; Hoffman, Stone & Sherman, 1972 ) that these two systems remain functionally distinct at least to the level of the relay cells of the lateral geniculate nucleus, and that they are also morphologically distinct: X-cells in both the retina and lateral geniculate have smaller axons with slower conduction velocity, while Y-cells, are larger, and faster. Hoffmann & Stone (1971) were able to show that complex cells that could be monosynaptically activated by electrical stimuli applied to the optic tract or radiation had, on average, a shorter latency to such stimulation than simple cells that could be similarly activated. They took this as evidence that simple and complex units were the cortical representatives of the X-and Y-pathways respectively, two separate and parallel systems for processing visual information (see Stone, 1972) .
If we could find some property of complex cells which could not be derived from simple cell input, or show that there is some stimulus dimension to which the two cell-types are differentially sensitive, we would have powerful evidence in favour of the parallel processing model. The specificity and selectivity of the cell-types for such stimulus features as orientation (Rose & Blakemore, 1974) , spatial frequency (Maffei & Fiorentini, 1973) and length (Rose, 1974) have been compared, and found to be rather similar. But some of the data of Pettigrew, Nikara & Bishop (1968a) , and the comments of other workers (Hoffmann & Stone, 1971; Stone & Dreher, 1973; Maffei & Fiorentini, 1973; Palmer & Rosenquist, 1974) suggest that there might be a substantial difference between the velocity tuning characteristics of simple and complex cells, though other authors have reported no apparent difference between them (Kelly & Van Essen, 1974) .
The experiments described here are addressed to the problem of the 447 velocity tuning characteristics of cortical neurones. Some of these results have been briefly reported elsewhere (Movshon, 1974) .
METHODS
Adult cats were initially anaesthetized with halothane (Fluothane), and surgery was carried out under a short acting barbiturate (methohexitone sodium: Brietal). Light anaesthesia was maintained during recording with a mixture of 80% N20/19% 02/1 % C02, and eye movement was minimized by a continuous i.v. infusion of gallamine triethiodide (Flaxedil: 10 mg kg-' hr-') in 6% glucoseRinger solution (4 ml. hr-1), together with bilateral cervical sympathectomy. Body temperature was maintained at 370 C with a thermostatically controlled heating pad. E.e.g. and e.c.g. were monitored continuously. Peak expired PCO2 was checked at intervals with a Beckman infrared gas analyzer (LB-1 or LB-2) and maintained at 4.0-5.0% by adjusting the tidal volume of the respiration pump.
Pupils were dilated with homatropine sulphate, and eyelids and nictitating membranes retracted with phenylephrine HCl. The corneae were protected with clear contact lenses, 3 mm artificial pupils were placed immediately in front of the eyes, and supplementary lenses used to focus the eyes on a screen 57 cm away.
Single units were isolated in area 17 using tungsten-in-glass micro-electrodes (Levick, 1972) (Hubel & Wiesel, 1962 were taken to indicate that the penetration lay within area 17.
Stimulus control was obtained with a television technique, modified from Campbell & Green (1965) . Bright or dark bars, or edges were generated on the face of a display oscilloscope (Hewlett-Packard 1300A; P31 phosphor). The frame frequency of the display was normally 500 Hz, increased to as much as 2000 Hz for very high velocity stimuli. The stimulus was swept at a controlled rate by injecting a gated low-frequency triangle or sawtooth wave pulse into the time base; stimuli could be moved at velocities from 0-05 to over 100 deg sec-'. The mean luminance of the display was 5-10 cd M-2, and the luminance difference between the brightest and darkest parts was 0-2-0-5 log units, except in the experiments on sensitivity described below, when the contrast was varied with a decade attenuator to determine the unit's contrast threshold. Stimuli were appropriately positioned and oriented by physically moving and rotating the display; where stimuli of limited length were required, the appropriate portions of the screen were masked.
The responses of cortical units were analysed on-line with a multichannel averag. ing computer (Biomac 1000) gated by the stimulus sweep to produce smoothed pulse-density histograms (Enroth-Cugell & Robson, 1966) . In addition, an external counter-printer was sometimes used to print out the total spike count in a sweepgated interval. The response to twenty stimulus presentations was normally averaged.
VELOCITY TUNING IN CAT CORTEX
Receptive fields were initially plotted by hand on a tangent screen with flashed and moving slits, bars, edges and spots. They were classified as simple, complex or hypercomplex (type I or type II) by the criteria of Hubel & Wiesel (1962) and Dreher (1972) as discussed above. Units with the brisk response, monocular drive, concentric receptive field organization and brief spike wave form of fibres from the lateral geniculate nucleus were characterized as on-or off-centre and X-or Y-type using some of the criteria of Cleland et al. (1971) and Hoffmann et al. (1972) . If a unit was judged to be sufficiently stable after this qualitative investigation, quantitative analysis was undertaken over a period of 1j-8 hr.
The configuration, dimensions and orientation of the optimal bar or edge stimulus for this analysis were established during the initial qualitative investigation of the receptive field. In the case of simple cells, the optimum stimulus reflected the spatial arrangement of 'on' and 'off' regions in the receptive field (Hubel & Wiesel, 1962) . Stimuli were normally delivered to the dominant eye, and the other eye was covered. In two cases, however, units showed marked facilitation of an otherwise poor response to an appropriately positioned binocular stimulus (Barlow, Blakemore & Pettigrew, 1967; Pettigrew, Nikara & Bishop, 1968b) . For these units, the disparity was optimized with a variable bi-prism, and stimuli delivered binocularly.
To determine a unit's 'tuning curve' for velocity, different rates of movement were presented in pseudo-random order. The first velocity tested was often retested at the end of the run to ensure that responsiveness had not grossly changed. These repeat determinations almost invariably agreed with the first to within 10-20%, and the difference was often smaller when the experiment was more than 12 hr old and the animal's condition had completely stabilized. Stimulus sweeps were externally gated to provide an interval between presentations of at least 7 sec.
Each unit was tested with five to fifteen velocities, covering a range of two to ten octaves. It was not usually possible to follow the extreme ends of the tuning curves down to zero or negligible response, but the low-velocity end of many complex cells' tuning curves, and the high-velocity end of most simple cells' tuning curves was determined. Otherwise a 50% drop in response from the optimum was accepted as a reasonable limit for quantitative investigation; each unit was qualitatively tested well beyond these limits to ensure that the response declined monotonically beyond the ends of the assessed tuning curve.
Ninety-six units were recorded from twelve penetrations in seven cats, and the behaviour of sixty-six was fully analysed. Of these, sixty were cortical cells: twentyfive simple, twenty-eight complex and seven hypercomplex (four of type I and three of type II). In addition, the responses of six fibres from the lateral geniculate nucleus were examined; four were X-type and two Y-type. All units had receptive fields within 10 deg of the area centrali8, and most were within 6 deg.
RESULTS
The measurement of response In order to determine the velocity tuning curve for a cell it is necessary to choose between the two fundamentally different ways of measuring the response: as a function of time, and as a function of space.
Measurement as a function of space: a time-independent measure. This method involves counting the number of spikes per sweep of the stimulus, and subtracting any maintained activity to determine the evoked response during the sweep (Barlow, Hill & Levick, 1964; Rose & Blakemore, 1974) . J. ANTHONY MO VSHON Since this measure takes no account of the fact that the stimulus spends less and less time in the receptive field as the velocity increases, it favours low rates of movement. It produces a measure of the number of spikes evoked by the stimulus per unit of space. In these terms a unit that shows a maintained elevation of discharge to an appropriately positioned stimulus has a preferred velocity of zero (an infinite response in an infinite sweep time).
Measurement as a function of time: a space-independent measure. Either the mean frequency during the response (Finkelstein & Griisser, 1965) or the peak firing frequency (Pettigrew et al. 1968a ) can be determined, and these two measures are highly correlated, since the shape ofthe pulse-density histogram plotted as a function ofspace rarely undergoes gross changes as the velocity is varied (Figs. 3 and 4) . This reflects the fact that the apparent spatial dimensions of the receptive field do not change dramatically as a function of stimulus velocity. Since the amount of time the stimulus spends in the receptive field varies widely it seems more appropriate to use a I performed a control experiment to determine which method of assessment more nearly reflected the cell's sensitivity to stimuli of low contrast as a function of velocity. The results for two cells, one simple and one complex, are shown in Fig. 1 ; three other cells (two simple and one complex) showed similar behaviour. The cells were tested for their response to a range of stimulus velocities with both frequency and space measures, and to standing contrast in the case of the simple cell, which showed a maintained discharge to an appropriately positioned bright bar. A cell's contrast threshold at each velocity was determined by adjusting the contrast of the stimulus in 0*05 log unit steps until a contrast level was found to which the cell responded on eight of ten stimulus sweeps. Neither of the cells illustrated had any maintained activity, which made it easy to recognize a response (usually one spike at threshold); when spontaneous activity was present the results were similar.
Notice that the contrast threshold of both cells was lowest at that velocity which gave the best response measured in frequency terms, 1 deg sec-' and 16 deg sec-' respectively. In space terms the simple cell had a preferred velocity of zero, since it showed a maintained discharge of 19 spikes sec-' over several minutes to standing contrast, and the complex cell had a preferred velocity of 1 deg sec-'; these clearly do not correlate with the observed sensitivities. As a result, and for the other reasons discussed above, the peak firing frequency measured from the smoothed pulse-density histogram is used as a measure of response.
The analysis of response Fig. 2 shows pulse-density histograms of the responses of two simple cells to stimuli moving at a number of velocities. Cell M4R12 had a very brisk discharge to very slow stimulus movement. The cell's response to 0.5 deg sec1 was slightly better than to the other velocities, and its activity declined gradually from there. There was little discharge to movement at 8 deg sec1, and no response to 16 deg sec-'. The cell had a preference for movement to the right, which is expressed more or less equally at all velocities below 4 deg sec1; above this velocity the response, such as it was, was roughly equal in the two directions of the sweep. This was a typical 'slow' simple unit.
Cell M4R17 showed a rather sharper selectivity for one velocity of movement (4 deg sec'). The response declined abruptly above this value (there was no response to 16 deg sec') and rather more gradually below it. This was a typical 'fast' simple cell, though not all such cells showed such 451 J. ANTHONY MOVSHON an abrupt decline in activity at velocities higher than the optimum. This cell was almost completely direction selective, and responses in the null direction are not shown. Fig. 3 shows similar histograms for three complex cells. All of these cells had a direction preference or were completely direction selective, and responses are only shown for movement in the optimum direction. Cell M4R4 showed a moderately strong preference for stimuli moving between 2-5 and 5 deg sec-'; the response declined fairly sharply either side of these values. This preference for moderately slow velocities made it one of the 'slowest' complex cells seen, and it was also unusual in that its response dropped to almost nothing at 40 deg sec-1. The relatively sharp fall in activity below the preferred velocity was, however, typical. Cell M4R18 showed a relatively poor response to a velocity of 3 deg sec'. VELOCITY TUNING IN CAT CORTEX range of stimulus velocities. An index of this selectivity is provided by the full-width at half-amplitude of a cell's tuning curve, determined by noting the velocities at which the line of half-maximum response intersects the tuning curve, and expressing the difference between them as a ratio of the higher over the lower; this is equivalent to a linear measure on the logarithmic velocity abscissae of Figs. 4, 5, 6, 10 and 11. A scatter plot of preferred velocity against full-width is shown in Fig. 9 for all cells. There is a weak tendency for cells preferring lower velocities to be more broadly tuned than those preferring higher ones; there is a significant inverse correlation (r = -0-26, n = 60, P < 0.05) between the variables. Separate analysis of the cell-types showed no significant trend in the complex or hypercomplex categories, but the correlation is apparent among the simple cells (filled circles; r = -0 43, n = 25, P < 0-02). (Ikeda & Wright, 1974) . All the complex cells in the present study which responded to flashed stimuli (twenty-two of twenty-eight; 78%) appeared transient in their responses to flashed stimuli. 'Transient' simple cells (mean 2-5 deg sec-1) have a slight tendency to prefer higher velocities than 'sustained' ones (mean 1F7 deg sec'). 'Transient' cells (mean full-width 17-7) also tend to be more selective for velocity than 'sustained' ones (mean 26.9) -this is largely due to the fact that tuning curves for 'transient' cells generally show a rather sharper drop in response below the preferred velocity than 'sustained' ones. This coupled tendency probably accounts for the inverse correlation between preferred velocity and velocity full-width shown for simple cells in Fig. 9 . One simple cell of each type is shown in Fig. 2 : M4R12 is 'sustained' and M4R17 is 'transient'. Simple cells can also be divided into groups on the basis of the organization of 'on' and 'off' regions in their receptive fields. Three configurations are common: an 'on' region flanked by two 'off' regions of roughly equal strength (hereafter called on-centre); the obverse of this, an 'off' region flanked by two 'on' regions (off-centre); and a side-by-side pair of opposing regions (edge-detector). Pettigrew et al. (1968 a) , who used only bright slits as stimuli, reported that simple cells with a 'bimodal' discharge pattern (presumably corresponding to the off-centre category) show a preference for rather higher-velocity stimuli than 'unimodal' simple cells (presumably the on-centre and edge-detector groups); the three groups of simple cells in the present study all showed similar velocity preferences. Pettigrew et al. judged the preferred velocities of most of their cells simply by listening to the response on a loudspeaker, and it may be that the bimodal response of an off-centre cell to a drifting bright bar sounds greater at high velocities when the two bursts run together.
Cortical cells can also be grouped on the basis of asymmetries in their responses to the two directions of movement of an optimally oriented stimulus. Direction selective cells often show the 'true direction selectivity' examined by Barlow & Levick (1965) in the rabbit retina. The response asymmetry survives reversal of the contrast of the stimulus, and small movements of the stimulus within the receptive field evoke direction selective discharges (Bishop et al. 1974; A. Movshon, unpublished observations). Barlow & Levick were able to show that an inhibitory mechanism within the receptive field was responsible for the effects they observed; such a mechanism must have certain timing properties and might therefore itself be expected to show some velocity selectivity, and perhaps to influence the cell's velocity tuning in the preferred direction. It could be that the presence or absence of direction selectivity is largely responsible for the scatter of preferred velocities and velocity half-widths shown in Such an effect on optimal velocity, if it exists, is slight. Complex cells with some direction selectivity show a very slight tendency to prefer 460 VELOCITY TUNING IN CAT CORTEX higher velocities than non-directional ones; no trend is discernible among the simple cells. And there is no apparent difference in velocity selectivity among the groups.
Most units of both types which showed direction selectivity and which were tested in both directions ofmovement showed the response asymmetry roughly uniformly across the velocity spectrum examined. Some, however, showed more complicated behaviour, and tuning curves for both directions of movement of three such cells (all complex) are shown in Fig. 10 . Cell M5R8 showed no direction preference for stimuli moving more slowly than 8 deg sec-'. Above that velocity a strong direction bias developed, and then waned at a velocity of over 100 deg sec-'. The direction selectivity of this unit was therefore itself tuned for velocity. Note that the bias is most marked near the unit's preferred velocity. Units M1R6 and MIRII show a rather more common pattern, which has also been reported in on-type direction selective units in the rabbit retina (Oyster, 1968) . These units are completely direction selective for slow rates of movement. As stimulus velocity is increased, a response in the opposite direction appears (at 461 462 J. ANTHONY MOVSHON 5 deg sec-" for M1R6 and at 16 deg sec-1 for MIR11) and comes nearly to equal the response in the preferred direction (at 40-50 deg sec-' in both cases). It is possible to understand both these behaviours in terms of restrictions in the timing properties of an inhibitory mechanism in a system similar to that proposed by Barlow & Levick (1965) : in the first case the inhibition would be postulated to decay too quickly to affect slow-moving stimuli, and in all three cases it would also seem to have too long a risetime or too short a space constant to affect stimuli moving very rapidly.
Cell M1R6 (Fig. 10) is one of five complex cells (18%) that show an interesting pattern in their response to stimuli moving more slowly than the preferred velocity: there is a secondary peak in the tuning curve for the preferred direction at about 3 deg sec-, near the preferred velocity of many simple cells (Figs. 4 and 7) , which could reflect an input from such cells. Cell M3L6, whose tuning curve for the preferred direction is shown in Fig. 5 , showed similar behaviour. It is difficult to attribute the effect to short-term changes in responsiveness, since the tuning curves in the non-preferred direction,-which were accumulated at the same time, show no apparent peaks or dips (e.g. cell M1R6 in Fig. 10 ). When the effect occurred in complex cells which responded to both directions of movement, the tuning curves in the opposite direction showed no effect. It also seems unlikely that the secondary peaks are due to timing properties of inhibitory direction selecting mechanisms, since they always occur in the preferred direction of movement. Since they usually occur at velocities VELOCITY TUNING IN CAT CORTEX between 1 and 4 deg sec-, it is tempting to suppose that they do represent input from simple cells. Fig. 11 shows the velocity tuning curves for 4 LGN fibres recorded in the deep layers of area 17 or the underlying optic radiation. The X-fibres are very responsive to a wide range of velocities, including very slow rates of movement, while the Y-fibres respond relatively poorly to slow-moving stimuli, and well to faster ones. These results are in good agreement with those shown in Fig. 5 of Dreher & Sanderson (1973) , who also report that some LGN X-cells with receptive fields in the area centralis are strongly selective for very slow rates of movement; some responses of one cell that is presumably of this type are shown in Fig. 9H of Stone & Dreher (1973) .
DISCUSSION
Parallel or serial processing in the visual cortex? Simple and complex cells show marked differences in the ranges of velocity to which they respond, and in their preferred velocities; it is difficult to see how a straightforward hierarchical model of visual cortical information processing can account for these facts. One could perhaps suggest that the input on to each complex cell from simple cells with spatially distributed receptive fields shows strict sequential temporal summation properties organized to select a higher velocity preference. Indeed, Pollen & Taylor (1973) have reported that the latency of response to a flashed stimulus can vary systematically across the receptive field of a complex cell, perhaps reflecting the action of such a mechanism. But in order for the mechanism to have much effect on velocity preference, it would have to have such fine temporal discrimination as to enforce a narrow velocity selectivity on the complex cells. And complex cells are only slightly more selective than simple cells (Fig. 8) . More importantly, no simple hierarchical model can explain the generally excellent response of complex cells to stimuli moving faster than 20-30 deg sec-' (Fig. 5) , since simple cells rarely respond at all well to these speeds (Fig. 4) .
A parallel process of the kind proposed by Hoffmann & Stone (1971, see also Stone, 1972) seems better equipped to account for these data. X-and Y-cells in the lateral geniculate nucleus show characteristic differences in velocity preference, with Y-cells responding better to high velocity stimuli and X-cells responding better to slower movement (Fig. 11, and Cleland et al. 1971; Dreher & Sanderson, 1973; Singer & Bedworth, 1973) . The results therefore lend some support to the parallel processing hypothesis: X-cells, like simple cells, respond very well to slow rates of movement, while Y-cells, like complex cells, prefer higher velocities.
It is however clear that many lateral geniculate X-cells respond very 463 J. ANTHONY MOVSHON much better to fast-moving stimuli than simple cells do. The fall in simple cells' discharge to high velocities could be due to inhibition from some mechanism with Y-cell properties. Since the available anatomical (Garey & Powell, 1971) and physiological (Watanabe, Konishi & Creutzfeldt, 1966) Dreher & Sanderson, 1973) . This response to low velocities could be due either to the direct action of X-cells, or to excitation from simple cells. Stone & Dreher (1973) report that a number of cells with complex receptive fields can be activated electrically from the optic radiation at latencies which could represent the monosynaptic action of slow (X) fibres.
It could be that these cells are 'slow' complex cells, likeM4R4inFig. 5, whose tuning curve shows little resemblance to those ofY-cells in the lateralgeniculate nucleus. On the other hand, the low-velocity response peak in the tuning curve of complex cells such as M1R6 (Fig. 10) and M3L6 (Fig. 5) Cleland et al. (1971) of the X/Y and sustained/ transient grouping systems, they propose that both simple and complex cells can receive X-or Y-type afferents. However, it seems likely that the inhibitory interactions described in the lateral geniculate nucleus (Singer & Creutzfeldt, 1970; Singer Poppel & Creutzfeldt, 1972; Singer & Bedworth, 1973) and visual cortex (Blakemore & Tobin, 1972; Creutzfeldt, Kuhnt & Benevento, 1974) would have a marked effect on the temporal response properties of cells in these areas, and that these properties may not adequately discriminate between X-and Y-type units beyond the retina; simple cells in the cortex, whether sustained or transient in their responses to flashed stimuli, have properties strongly reminiscent of Xcells, while complex cells resemble Y-cells (Movshon & Tolhurst, 1975, and in preparation) .
On the basis of my data, and the work of Rose (1974) , who showed that end-inhibition is graded in cortical cells, and may not afford a sufficient criterion for distinguishing simple and complex cells from hypercomplex ones, it might also be suggested that 'hypercomplex' cells in area 17 are merely unusual examples of simple and complex fields, differing from other cells of these types only in that they have a more marked length selectivity. They seem clearly different from the types of hypercomplex cells described in areas 18 and 19 by Hubel & Wiesel (1965) .
The processing of velocity information in the visual cortex The rate of stimulus movement might be determined by the visual system in two fundamentally different ways. Each neurone could signal stimulus velocity over a wide range by simply changing its response as some monotonic function of stimulus velocity, or it could be selective for a relatively narrow range of velocities, and signal its preferred velocity as a 'trigger feature' of the stimulus (Barlow, 1961) .
The velocity tuning curves of movement-detecting neurones in the visual systems of lower vertebrates are commonly seen to show a monotonic increase in response with an increase in stimulus velocity over a very wide range, and similar behaviour has occasionally been reported in the mammalian visual system (see Grilsser & Grilsser-Cornehls, 1973 J. ANTHONY MOVSHON neurones are obviously well suited to a 'single-channel' analysis, the first of the two possibilities mentioned above.
In a 'multiple-channel' model, velocity information would be abstracted by determining the most active neural group in a population of such channels, each selective to a relatively narrow range of velocity. There is psychophysical evidence to suggest that such a system operates in the human visual system (Tolhurst, Sharpe & Hart, 1973) , and the results of this study tend to indicate that a similar process is at work in the cat's visual cortex. Many neurones show relatively fine tuning for rate of stimulus movement, and between them their preferred velocities cover a two-hundredfold range. Simple and type I hypercomplex cells form an apparent.'slow' group of these cells, responding optimally to stimuli moving at velocities from 0*25 to 7-5 deg sec-', while complex and type II hypercomplex cells form a 'fast' group, preferring velocities from 4 to 50 deg sec-' (Fig. 7) .
The visual cortex of the cat has been held to increase selectivity for the orientation (Hubel & Wiesel, 1962; Rose & Blakemore, 1974) and spatial frequency (Maffei & Fiorentini, 1973) of the stimulus. These authors and others (Campbell, Cleland, Cooper & Enroth-Cugell, 1968; Campbell, Cooper & Enroth-Cugell, 1969) have provided measurements of the selectivity of cortical cells for these stimulus variables, and in both cases the width of each cell's tuning curve represents a relatively small fraction of the total range of the variable to which cells are selectively sensitive. It appears from my results that cortical cells are similarly selective for stimulus velocity; their mean velocity full-width (19.6) represents a similarly small proportion of the range of preferred velocities seen. This characteristic of visual cortical receptive fields is markedly different from the behaviour of visual neurones in lower animals (Griisser & GriisserCornehls, 1973 ) and the more peripheral levels of the cat visual system (Fig. 11, and Dreher & Sanderson, 1973) . It therefore seems reasonable to ascribe to it some functional significance, and to suggest that the visual cortex, as well as increasing specificity for other aspects of a visual stimulus, sets up a multiple-channel system for analysing its rate of movement.
